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ABSTRACT

The objective of this program was to develop the capability of titanium geai: to sustain 126
million repetitive stress cycles at a surface contact stress of 132, 000 psi (based on steel
modulus of eiasticity). The achievement of this goal wiil make titanium gears significantly
atiructive for the 13475 time period.

Optimum titanium material composition was selected to provide dcsirable strength properties
and compatibility to the selected surface coating system. Plated surface coatings, bonding
techniques, heat treat prrocesses, and surface lubrication coatings were investigated to pro-
vide an optimum system which waiid withstand the scheduled test requirements. iron-plated
coatings which were diffusion bonded to the litanium core and then carvonitrided to provide

surface hardness were selected as the most promising ~ystem.

Test specimens were fabricated and tested on the Tribometer to eviluate the surface duran-lity
and resistance to <~oring. Additional specimens were tested on the three-ball-anc-cone rigs

to evaluate pitting fatigue life under high Hertzian rolling contuct loads.

Three sets of test gears were designed and manufactured utilizing the developed system. Ex-
perimental evaluation cf the test gears established tneir 107 cycle surface contact fstigue
strength (based on steel modulus of elasticity) at:

® Phase ] 96, 000 psi
® Phase II 120, 000 psi
@ Phase III 152, 000 psi

Secondary goals of oil starvution, oil contamination, and full-scale en“urance tests were not
accomplished ir: order th2t process development could be continued to improve the smail-scale
gear strength.
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Young's modulus of elasticity, psi
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Minimum face width
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SECTIOX 1

INTRODUCTION

Fature techoology has estzbliched the need to consider the weight savings that could be achieved
if high strength-to-weight ratio materials could be used in zircraft gear applications. Tke
weight advantage and versatility of titanium estzbliches it as 2 desirable gezr materizl if its
contact suifaces could be conditicred t¢ withstand the high urit loading required for gear teeth,
Prior Military funded projects since 19534 have advanced the potential of satisfactory operation
of titanium gears up to the operzting level of approximately 112, 000-psi hertzian contact stress.
Present hardened sieel gears have = comparable stress capability betweenr 180, 009 to 242, 000

U
psi 2zt 10 cycles,

Detroit Diesel Allison (DDA) has completed 2 30-month developmesnt program in which iron
coateg gears were develioped and tested on 2 Ryder gear test rig. Tke program was divided
into threc phases with the concluding test gears achieving 2 stress level of 152, 000-psi hertzian
contact stress.

The success of this program presents a techaological advancement toward the ultimate goal of
replacing steel g=ars with reduced weight components.

1 {page 2 18 hlark) _
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SECTION

TECENICAL DESCUSSEOX

TETANIUM ALELOY SEEZCTICN

Published information relzted 1o the pse oF titamiom 2iloys 35 2 gear materiil revealed the fom-
portznce z.ad necessity for z suitable comdrimation of = high strecgit bose 2oy, amf the coetimg
system, Tha selection of the titamirm 2ilox kad to be capable of developng base metxl STrexgtin
properties and zt the sarme timre the heat trzatmernts reguured for thrse propertres rrost be
compatible with the processing parameters for zppliving the coczing syStem.

The design cri.eriz used for selecting = txtaminm gezr zlloy wes sim:ler to the selectic: process
used for carburized znd/or nurided steel gears: since the reguirerents for the titanjrm me-
terizl should e very similar 1o thet of the slee] gear materizl. Both regure z high vield
swrengih with good {zigue Life 1o resist excessive ok Semdisg.

It was preferzdle that the tiianium gear cor: material exhiii z hardness of B 34 mizimom o0
reduce the hardness gradiest between coating =nt core 2nd to present z core relazionship Sime: -
lar to that of steel gears,

The ritanium materizl was required 10 hzve good arordenzbility z2nd provide zdeguzte Strengit

for coating support regardless of section size.

The proposed surfzce hzrdening procedure and optunam core properiz development tempera-
ture should be compatible.

The ability of the allov to accept the coating was believed to be of param-ount 1mportance; hox -
ever, in the selecticn of a titanium alloy there appezred to be no great difference in coztability
of the materials considered. Other properties that could influence material selection zre

censity, modulus of elasticity, Poisson's reiio, and thermal conductivity.

After considering the basic requirements for a titanium gear material, it Lecomes apparent
that the alloys closest o meeting these requirements are the high strengtn :lpha-beta titanium

alloys such as:
® Ti 6A1-4V (AMS-4928) ® Ti 6A]1-25n-4Zr-6M0o

® Ti 6A1-6V-25n (AMS-4971) ® Ti 6A1-57r-4Mo-1Cu-0. 25i (IMI T1 700}
(EMS-52030)

Composition of these alleys is shown in Table I,



E Tasle L
3 ; Corzposition of titasinme allors,

Coropositror: peroent by wesghe

ML

“Ti 821-23n-£Zr-5hlo
5Ti 64:-4% (ABIS-£923)

11 6231-5V- 255 (2 0S-£271)
$7i 6Ai-5Zr-43i0- 1ICu-0. 251

(1311 7090) (E£21S-52030)

3 EMS-336308
] Elemens Ti €-2-4-6*  Ti6-8%F T:5-5.20 s ses

A bemmzen 5.5-5.3 5.36-T.73 Z_06-6.80  3.¢8-7.00
: Tie 1.3-2.2 - 5. 50-2.36 ---
; Zircomizs 3.6-%.% --- --- £.90.-5.00
z Moixbderum 5.5-£.3 --- - 2_60-5. 90
3 Yamadirmm -—- 3.50-£.30 .00 00 -

Copper .- - 0.35-1.96¢ £ 38-3 50

§ from 0. 13 max G 30 reex G *H-1_OF T 20 max

: liitoe --- --- --- G I3-D. 3%
Carbos 6. 0% m 0.10mez  S.05m2x 015 max

: vgen . §0 mom G 20 mox 0.20 max .-

3 Nizr ogen 0. 02 max 6.0 max 0. 0% prex -—-

: Hydrogen 0.0:3 m=x 9.0223 max  0.5I5 max 0. 0i3 mex
E Oczer elecents --- G 20 o 0.£0 mzx --
Titenjnzm Remainder Remzinder Remzinder Remzinder

These materials exhitited ultimzete sirengtns of i40, 060 10 1560, 000 ps: in the soluion irested
and 190, 000 to 200, 000 in the aged condiiion,

The coatability of the listed alloys is essentizlly the sa: . ~. noweser, the compatibility of the

base metal heat treztment and cozting heut treatment can vary and 1s of great impe tance. If

the alloy is to be used in the soluticn hcat treated and aged condition, then the greatesu flexability

and strengti. response can be achieved with the allovs that a-e capzable of being 21--cooled from

the solution treating temperature. This would allow a marriage of the solution heat treatment

and coating thermal treatments without the need for an integral rapid quench facility, It zlso

minimized distortion and residual stresses czused by rapid quenching.

With such a material a

selected coating treatment in the range of 1550 to 1650°F would also serve as the solution treat-

ment of the titanium allov: any treatment below 1100°, i.e., nitriding. could be done within the
A €

aging treatment or after the aging treatment.
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Figure 1. Comparison of mirimum tensiie altimate streagths at various temperatures.

All alloys are in the solution Rzer o ,
treated and aged condstion. wct
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Comparison of rainimum 0. 27 yield strengths at various temperatures.
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Frgure 4 stows the ematerinl sKremgt 38 related 1o Sectior thirkmess amd burdimndtlioy. Tz
EAI-2Se-$Z - -5Mo zmd DFEl TE 700 are the best: the waler-guercied mmaterizd would renoid o
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Figure 4, Fatigue strength vs section
thickness and hardenability.
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The seleutoore thiw Betormes  cRouee decween 2pr-covded Tr BAR- 2504 Zr-8300 e R Righer
strempt DB Tr 730, The atr-cooled Tr §80-2e-4Zr-6Wo w2f selezted fov thes geasr sos@s
sture DY expervtmre Ang shuoe thnt the IWE Ti T30 cmtermd wof Effcult to procure dthoe
the Lemert Stares,

TS obtzar (in MITeRRry CoiMg SoopeTieS, fe. . carhorftrvind cadse anfuees aard st
the procesEng Seqrenee ¥as zlieved and this prevhuind sotaratay mawramyer Base maperiald
strerngrth anrd Anwdness sroperties.  The gitremre amf xpelid Surengrh values for the Ve Abl-25m-
£Lx -7 ovee, 2lEougt ridured, dod provnde 2 gexr of madierate 1o ozh wrengrh cwnpooaihe
o stee]l gerss,  Adfmsoeal provesirrg derelnpooinr was Lrresisgated 1o porodnre gears Bl
wowdf paroraorace Soll apiag of (Re oire o fgil SorengniE 2arf af Tt Soowe iooe 2 Mok fiefll cade
rgprderiey kaal sregtregnt ShEoops thes end TS o fpfh cezized cove strergrie freawone-
manns hvowghs corepiex heat treat orcies, Bere wororrpisched

EELRD MEFRCE COLTENG
Tt ortiziral comrest of zoorvieer 3 wear Sroince fopr titaweme zoart smriuded o appisratans &F

Trgod cwnlie@s beset omoe Tt caSepsmate of refratiory 2t TusdRoemg 2HERTDS iR Enerr et

el mmotrates, € g,

Fe - C i - C
Fe - S Nz - BC
e BacC A - BX
e - BX X: -5
o B

Fe - 33

Previons work tad indicated & capehiln: for ppiving thin coetings (less than 3 miis) of these
materizls. AS ihe gezr Gesizn porizon of the progrzm Seveloped, Bowever, = fimashed hard
coeiing t2ickness of 12-13 mils wzs specified for goor surizces. & soon beczme evidem that
these dirty elecirodepos:is of iron znd nickel would oot e sz.sfactors. The nonmetzilic in-
clusions promaoied nodulzr :nd porous Ceposiis 2fier 2 few mils of pizting 2nd couild a0t provice

a dense, high strengih Struciure sunizble for the zexrs =S more maiericl was deposiied.

e hard surfzce cozting s+stems sclecred on the t.asis of their poteniiz] for development into

satisfactory gear surface materizls were:

® Eleciroiess nickel {(GM Nichem)
@ Electrodeposited iron-mckel (hardened)

® Elecirodepesited iron (hardenea)

-
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sRurBnE, edtutsr sBees ancieed coaftteEs o trtanmen 2oy Rerizews.  Thes erperstmes waf fooweted
10 Sher soufeng “hucietnsses agpined o fars, calediprs, splents, amé grar coefiprracnoms.  Thze
setimaput 2EEs Bud Beew Surcesfiuily efed 25 2 vectod e provndeng @ Soarfing a@ent o poRRn-
oo for 2spibrag othier Romdtd ovafanys Lo Ixeovrer pilor surtaoes.

Tae terdnogt for azodxirg G Nicheer comsese 5 of sBrasene Wt Blistong the itanmem 2853 Sor-
frot vk cbtan, fooe pric sifvoom casBof 2nd freorraon. of tBe wer aoiptie o Bt plicing Bagh
wh 3 2npind DU anrrent for tht sertpzl cwe to Bret avewmires.  Tae plhved petocfe st Sac
oated e yatnres 3t MORDR Do fowr Tmaoms,

Twnr ceetza@s (6. § 2o 6.3 2mabs) nvp Soewed pw thes srocars 2od Sevai B 25ws sowpts wetiratmoe 25
= Bate foc B applitatior of ot o thrtrofRposmiet rmalereals. Thueker cuncrges goadured a
TR Sarma steinrbr Rard : Feodiotes of RedII oo I 1ve 20 Foud ooaduIMarE, tovTaSIer, 0T WEET -
TESLSIenl ouseaTs,  DRrse thartroless meekel otalings oo b gzt Lo Keve oot Sorizoe
Tpisihes pr TRerkegSons T W0 threr o four mmeks.  Thdcker CoLlitgSs o2 tn fimesk promof e Swre
DEIE @ poettAnces sealer o thivdw ot for faensh primdang Lard cmroroane SEpmSZS.

Toe G Wikderm rlefzzg protess wes »sed

{or 200bh 2o CORTITE thetianEsSes of u» o 23 zmiis o
st SperamAes.  Bow®ng e 1Dt imazanee 2000 Was Mooemplisiet B3 2 Teonot beat irestmmen
2= 0D Y, foliomes 23 > SHOW 000! 10 marm emperuimre.  TRES HOTCNLTe proTec mOtpame for
<o Tritoroeter 2ot Tt -beii- pnd-come 165 Specimmers omd restIed 2 Surfste ardmesses oF

0 3% JJier fHired gramdemgl

idexiczils processed 1635 gear toukh surlaces dereloped the el (racks during the pusiciffesion

cooling or during subseguess fizal grinding operztions.

The use of glass pezd prering vzs 1mmplemented 10 1nduce TOMPressive sarface stresses znd
<hereby recuce “he cracking *endenc: of the Wichem piate, Gless hezd prening Bas used sun-
seguen: o the eievated temmperaiure diffusion cycle (1000°F ) and suSeguent 1o eock grind
operzi:on. Ablhough glzss bead peening mezsurabls reduced the crzcking tendency, tne condi-
uon could <t be eliminated. Beczuse of this condition. further he: i Nichum poste deielop-
ment on gearS was suspended. Furthermore, in the initizl efforts to tond 1ron ¢nd 1iron-nickel
clectrodeposits to the titznium «llor test specimens. zn eleciroless nicke: «oaling 0.1 10 0.2
o] *huck was used. The thia Xichem coztings, processed and vacuum heat ireated (as pre-
viousi. descrity ¢) were lLightly fine grit wet blasted and electrochemically activated prior to
immersion in the iron and iron-nickel plating solutions. T*  s:stem worked weil until the
P1gher "omps reture heat trezimaoms ard rapid quenches were used. At this time it was learned

that tae diffuced Nicher would not withstund the thermal shocks,
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Figure 6. Sral: volzme plating tank.

Resxzis of «ork commpleted, wiile i oo pleting various gesr comfigurzitons, led to :ke comclusion

thz: zccepedle umiform: thick deposiis of iron «né. Or iron-zickel Seposiz Fere mot xzinghie on
g€=r ' et Dy ordimery pleiing procecures. AsS z resui of this cbservzilon, ithrer differen

echni:, .es for pleiing 1he gexrs were explored =s Jolilows:

Dd

® Use z lerge 1znk mhere 1he o 0Ces (en Le locutied =2 consiCerziile distences from the sur-
fzces 10 De pizzed.

® Use vzrious mesxking {ixtires designed 10 z1é 1n eguzlizing the plating disirizution over the
gear surfzces.

@ Use insolublie zuxilizr znodes loczied neer the gezr root surizces.

Since plating accemphished 12 smzll volui..e plating tenk hed demonstrated unsatuisfzctors
“throwing power” to plate irto recessed surfzce areas of ithe gear ieeth, 11 was decided to try
2 large volume tank whnere the cnode 10 cethode distence would Lo reletiveis large in compari-

son to tha: obtzined in the smzll volume taths,

The enlarged plating sxstem ~howrn 1o Pigure 7 consists of ¢ 200 ¢zl polnprepylone hined tank
with 2n zc1d resisiant pump and filter unit. Vour tharmostatically controllad electric quarte
immmersion heztr rs meintein solutior "Crperetare and the unit 1s eqappe . with an osciliating

rod cathode zgitztor und impcller ~olition sgnation,




Tze surfzce of the solmiion iS covered Fitk polypropylene balls to reduce evaporation znd
thermal losses.

The tank was fHifes with GMR lror Plating Solutios. {U.S, Pztent 2, 504, 074) which is nominally

zy follows:

Y T

Ferrous chloride 285 gm/1
Ferrous iron 205 gm/1
Dispersazt additive 1gml/i

pH 0.5
Temperature 180°F
Anodes Armee iron

it war believed that the greater anode to cathode distarnces obtainable in the large tank system
woald equalize the plate thickness over the gear surfaces, While there was some small im-

+ e g RS - %

prorement as compared $o the small tank plated gesi's, the piating distribution was considered

to be unsatisfactory. A PR (periodic current reversal) control unit was added to the plating

current s;s‘em and periodic reversal current procedures were tried without any appreciable

improvement 1n plating disiribution being noted. It was hoped that FR processing would reduce

e

the excess plate from: the pitch line outward while at the same time permitting greater deposi-

tion in the gear root areas .

11




S0 a0ttt

T

A T . TTEF T e

Aeuxiliary anode plating feasibilit; was tested by fabriczting 2 fixture, Figure 8 which provided
the auxilizry anoding on = gear segment. Insoluble auxiliary anodes were fabricatecd from
platinum pins piaced parallel to the root surfaces 1/8 in. from the root surfaces. Addition of
the auxiliary anodes appeared <o provide additional plate ¢o the root surfaces and was deemed
sufficiently promising to warrant additional testing.

By varing the anode to root distances, plate depths of 0. 008 to 0, 021 in, were obtained,
Aithough auxi'iav, insoluble ancdes were found to be helpiul in depositing iron in the gear root
areug, use of the fixture was found to be roo difficult to cortrol. As the plate depth built up,
vae or more of the anodes would short out due to misalignment or more rapid deposition in the
irmed:ite area causing the whole auxiliary anode unit to malfunction and cease plating in the

root ares. For these reasons the use of auxiliary anodes for this application was deemed un-
usable.

At this stage of i .i:ng development, the difficulty preventing attainment of a satisfactry
plated gear w.s lack of sufficient plating thickness in inie root area of the gear., Ujp (o this
time all plated geurs nad .hown excessive build-up from the pitch line outward wh.ch resulted
in large nodules at the O o: the gear teeth, While this was occurring the gear ; oot surfaces
were still deficient in ploting tlickness., Extended plating time, up to 32 hr, was of little help,
since the nodules grew lorger with li‘tle improvement 1n root plate thicknes». It was concluded
tnat the formulation of the large rodules was the principle -eason for the d ficie, . pluiing thick-
ness being obtained in the root a~ea due to the fact that the nodules were s, . 1ng to shueld and
rob the rest of the gear during the plating cycle, To remedy this situation, it was decided to
use the "through-the-window’ plating principle.

7326-9

Figure 8. Auxiliary anode g latine fixture,
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Several through-the-window plating masks and fixtures were bu:lt and tested. The first one
was fabricated from filled silicone rubber and was made to fit and plate a 36 tooth gear, This
mask, Figure 9 was fabricated so that the effective window location was centered over the gear
tooth space with 0, 125 in, clearance akove th. root surfaces, Plating accompiished with this
mask was more uniform in plate thickness than was obtainable by prior methcas, The plate
depth at the tooth pitch line of 0, 022 in, resulted in a plate depth of 0.0!1 in, at the root in a
24 hr plating period.

The second mask was fabricated from Micarta to fit a 21 tooth gear. This mask was designed
similar to the rubber mask except the effective window opening was located with 0. 188 1n,
clearance above the root surfaces.

Gears plated with this mask were unsati3factory because most of the plating occurred on the
upper half of the teeth while very little pi.te was deposited on the root surfaces, Results of
the test indicated the effective window opening was too far away from the root surface.

The third mask, Figure 10, was fabricated from Micarta with 21 gear tooth form spaces which
provide 0, 070 in, clearance with the gear teeth, The window openings were again located just
opposite the root fillet area, Plating with this mask was unsuccessful because the clearances
were too close, allowing plating buildup to contact the mask and made it difficult to remove
the gear from the mask,

7326-10

Figure 9. Silicone rubber plzting mask,

13
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Figure 10, Micarta mask with gear tooth forin spaces.

The fourth mask was fabricated from Micarta to fit a 21 tooth gear, The mask differed from

the previous ones in that the effective window openings are jucated beyond the D of the gear,

The window slots of this mask were much longer than those of the previous masks. Several
plating runs were made with nis mask with the slot openings ranging {rom full open to very
small openings. The mask side opening vents were also varied in size to determine proper
size necessary to produce the desired web plate thickness., Figure 11 shows this mask and
Figure 12 the optimum gear plated with restricted slot openings with 0, 010-in, plate thickness,

The fifth Micarta mask was fabricated using the design configurations found to be most success-
ful when using the adjustable slot mask,

Figure 13 shows the mask and Figure 14 the optimvm gear piated with 0, 015 in, min plate
thickness,

The sixth and final mask which incorporates the optimum features of the earlier development
masks is shown in Figure 15 and the optimum plated n ack. The final optimum gear with 0, 018
in. min plate thickness is shown in 7 gure 16,

Platin~ procedu' - and parameters were 25 follows:

1. De, rease

14
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7326-13

Figure 12. Gear plated in adjustable slotted mask (0. 01-in, plate thickness).
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iate mask.

Fifth p

gure 13,
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7326

Gear plated in fifth mask (0. 015-in. plate thickness),

Figure 14
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736-16

Figure 15. Optimum plating mask.

7326-17

Figure 16. Final optimum plated gear.
(0. 018-in. min plate thickness)
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HIARD SURFACE COXT BONIING

The sysiers of boming the rard scrizoe cosating to the tiardn hese comsistied of e applistation
of z strige of eleciroless nickel (Nichem rreatmrest) to the here titaminm prior to platemy, The
bont gererzted tazd saxfficient Stremgth to withstznd low temrperiZure coSe Pardering trezirmencs,
e with the imclinsion of kigher temperz=ure (i_€., 1330°F or zbore zaf guencinrs), loss-of-
bont {ziizres beczrme predominzie. T cootition ®zs perticclzrly zpperen: oo the frose fx=ii-
Secie 351 of Tribometer ang three-t2il- 2aC-cone Specrmens mermfzeigred. Bood fzilnres were
ooserved o over nzlf the Tridometer znd three-dzil-cone specimens, Toe fatlures occmrred

principally during the carbonitrifing cycle or tte guench operztion,

Titznium szmples incorporating z Nichem sirike zof wron-nickel srizce coziing rere sudyecied
t0 z vacuum zt 1875°F temperzture for four hours. Exzmination of the Dond rerizce revezled

the diffusion zone 1o De nerrow Fi1n the Nichem: zpperemis zciling =S z darrier 20 Ceep éffusion.

Microhardaess examinziion revezled z considerzdle recuciion in hardness of the zone =S com-
pered with the bzse titznium. It #z2S recognized thzt zn improvement mign de odileined by in-

crezsing the denth of diffusion penetrztion since zn increzse in both hardness znc sirengin

7326-18

Figure 17. Shielded plating anode.
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Figure 18. Plated titanium diffusion test specimens.
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These Iperrmens sere exafunted for 2ot 2ron amé prom- ekl coatzgs for G Zelswnryg tenn-
gucatures wud tuwrres:
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L 9% E.X %
1600 B, 3. %
2340 .3 3
I3ap E, 2 4

Tee degree of xffnsoom s Gareetly refured to Soth ot 20 tevrowmatnew,. TRt sropn-ascieed &5
Epspore JOGETESias 2f = sloghuly Mighar rate tham the sowe 28lor. The drgeer of Effwsme for
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poopeTties zre showe im Takhe HII

The cptimaee coffzsior o3 cle was Sedected 25 IAMDCEF /3 muwes,  Photoresrrogragpis of ot G-

sise zore 6f Boti iro amd irom-cickel ooattres zre Showm im Fipoe 1%,

Cross &:ffosion between the tRzmipm 2ad 1roe 15 ezders 2t e imterizee, Easser degrees of
migration zre Sees 1o orcur for the Ti B21- 5m-4Zr-8)io z1loramg elenrents 2iwmamnen, fam,

zircorrams 2ot mohbtenzz:, This generztes whe” 1€ prisigelh = imemorsy -proc rick wmnerizoe,

Table 11
Diffusion depst, inches, of iron 2n€ 1ron-nickel
in Ti1 5A1-25n-$Zr-53fo.

Temperzture Time (&)
Coating (*F) 1 3 5

Diffusion depth ‘inches

Iron 1700 0. 002 --- ---
1675 0. 002 0. 0025 0. 0035
1600 0. 001 0. 002 0. 603
1500 0. 0005 0. 001 0. 002
1300 Nil Nil 9. 0005

Iron-nickel i700 0. 002 --- ---
1675 0. 002 0. 003 0. 004
1600 0. 001 0.00625 0.003
1500 0. 0005 0. 001 0. 002
1300 N1l Nil 0. 0005
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Enntreaiih processed 1est gear tootk Krriaces devreloped thermal cranks drrerg B mostdeFoston
cowiiag or drriry suibsegotar farel Friscamg e rations.

The ose of glass vl petminz ¥2S amrplerrerred o im@not COPressive sorizoe SIresses aod
el redoor e cracking tendemx of i Nechem plate.  Glass head peemrrg wis oSed Subs-

Segrer 1o 1Ee clevazetd temperature Ciffrsion oxcle (10 ) and suirsegren to exch grind
sperzoc. 3kbough glass bead peeming measerz b redoced the crzcking tendency, the com-

Erizon coukd not be climminated, HBeczwse of thes conditron, furiher hezvn NXichem plaze develop-
merst O gE=rS Bays Suspended. Furihermore, i ine inmizl efforts wo domd wtron 2nd iron-mickel
electroteposSILs 10 tow ttameurn 210y teSt Specimens, = eleciroiess mckel coing 0.F 10 0.2
mil thick wzS vsed, The hin Xicherm coetings, processed zng vacumm hext trezted (=s pre-
vioush descrived) were lizmilh fine gr1z wet blested ané electrochemiceiiy zctivated prior 0
immersion in the 1ron zndé iron-mickel plating sobmisns. The siystem worked wel: umil the

hagher temperature hezl trezimems and rapid quenches vere used, Then i Bes learned that

the diffused Nichem would not withsiand the thermzl shocks,

Ezrlier work by GAl Research Leborztories had determined {avorble processes for the harden-
ing of iron deposits by suitzble hext ireztment. Deposits of iron-nickel having good harden-
abilits were plated on the regular sections of the Tribometer and three-bzll-and-cone test
specimens. The tipiczl irregular sections of gear teeth resulted 1p rich deposits of nickel to
be deposited on the gear tooth root arcas. Although Phase I gears were processed with iron-

ackel plating, it was found that thc nickel rich areas did not respond favorably to the heat

treztment process,

Phase Ul and Il gears were 10 0n plated, therefore, efforts were made to provide eptimum heat

treatment for the iron plated titanium combination. 3 review of the heat processes follows,

Nitride I'rocess

Attempts to harden the 1ron plate Ly nitriding were unsuccessful. Nitriding xas attempted at
90 to 1i00°1 and with various atmosphere changes, but suff'r1ent surface h.rdness was not

ac~omplished,
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Tt core trlamur BOUlt =ot tolerate thas processing withoot o additicoz. Beat treat Step whick
Tocic Sl redore caSe Rardmess (e, carimrized roa complex) znd, therefore, wzsS

imrorepeti fe Wk i izl SYStem regzirerten:s,

Czrhortriting Frocess

From ing Deéginmng, 1N€ czrboniiride Drocess provided suhsizmizl irmprovement in the herdness

of 1roc pizie.  Emmizi cerboouriding ¥zs accoriplished a2t 1550°F. The use of thic tempersziure
pizs =z Guench provided optimu czSe hzrdness of Re 35 or nigher, Tiie 1550°F temperziure,
hogever, proved :nrompeiiblie with the tizanium [ase zlloy; sirengih properties of the titznium

were Cresiiczily reduced. Reduciion of i-e temperzivre 10 1350°F proved 10 be more compztidle
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Figure 22. Iron coating structures with Tufftride heat treatment.
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with: the titamam znd still provided the necessary hardas 58 in the case. Following an oil
quench and tempering, the iroe specimens were Nc 35 to 57 (nzicrobhardness). To establish
somplete heat treatment parameters for bothk the icon »iated case and the titanium alloy core,
the following carboritriding heat cycles were evaluate:: with results as shown in Table 1V,

The 15530°F[2.25 hr cycle was selected to achieve hard - ing of the complete iron plate without
producing excessive carton 2t the iron-titanium imterfac ¢ Typical microsections 2re shown
in Figur= 23.

Tke finalized carborn’tride process is as follows:

® Preteat gears to 500°F
@ Cazrbonitride 2t 1550°F/2_25 hr:
® 35 min—1.5 a3 propane gas
2 .
2.0 " ammonia

Table IV.
Carbonitride surface hardness—deyth.

Temperature Time Surface hardness Depth
{°F) (hr) (R 15N) (in.)
1750 6 89.0 -—-

4 ——— -
1700 6 --- ---
4 89.0 ---
1650 6 90.5 e
4 90.5 -
1600 6 90.5 ———
4 91,0 -
1550 6 88.5 -
4 90,0 -
3 91.0 0,017
2.75 91.0 0.016
2.5 91.0 0.016
1550 2.25 91,0 0.015
2.0 89.0 0.010
1.5 89.0 0. 0085
0.75 88.0 0. 007
1500 6 88.5 ---

[{%)
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Figure 23. Typical carbonitride of iron on titanium,

e 90 min—1,0 f'c3 prcpane gas
2.0 £t ammonia
o 10 min—generator gas
® Oil quench at 350°F
; ® Temper at 350°F/2 hr
® Air-cool to room temperature
® Temper at 350°F/2 hr

This process produces the gradient shown in Figure 24,

3 Temper Process

The effect of temper on the case hardness of iron and iron-nickel is shown in Takles V through
IX., The effect on the core properties is shown in Tables X and XI,

g The finalized process used on the final gear sets was the 2, 0-2, 25 hr cycle at 1550°F tempera-
: ture followed by two 350°F /2 hr temper cycles, The final properties are shown in Table XII,

26
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Figure 24, Heat treatment hardness gradient.
_;
3 Table V.,
’ Effects of low temperature treatment on surface hardness (Ry5N).
Carbonitride cycle Oil quench + Low temp—100°F/1 hr
‘ Temperatdre Time 350°F/1 hr temper  plus second 350°F /1 hr temper
3 (°F) (hr) Fe Fe+Ni Fe Fe+Ni
1700 6 89 83 —84 9293 91—91.5
¥ 4 89 8183 9293 9¢—90,5
,;\ 1650 6 90—91 87--88 92—92.5 90—91
b 4 90—91 83.5—84 92 90—91
“ 1600 6 90—91 8788 92—93 61, 5~92
3 4 90—92 85—86 92—94 90, 5—91
‘ 1550 6 88—89 89 90—91 90
4 90 88.5—89 91-93 90.5~91,56
1500 6 88—88.5 81 90 89,5~90
4 91-92 86,5—87  91-92 90—91




1 Table VI.
3} R 55 hardness values of specimens given final high-

temperature temper ireatment of 450°F,

¥

E Carbonitride cycle Temper time (hr)

_4 Temperature  Time 2 4 "3 12 16

(°F) (hr)  Plating Hardness

1700 6 Fe 92 91 91,5 91 91

- 1700 4 Fe 92 92 91 91 91

1700 6 Fe-Ni 90.5 90.5 90 90.5 90

1700 4 Fe-Ni 89,5 89,5 90.5 89 90. 5

, 1650 6 Fe 91 91 91.5  90.5 90

1650 4 Fe 92 °1.5 90 90 90. 5
1659 6 Fe-Ni  96.5 90 90 89.5  £9.5
1650 4  Fe-Ni 90 89.5 89.5 89 89

: 1600 6 Fe 91 91.5 90 90.5  90.5

1600 4 Fe 92 91.5 91 91 90. 5

: 1600 6 Fe-Ni  90.5 89.5 89,5  89.5 89
1660 4  Fe-Ni 89 89,5 89,5 89.5  90.5
1550 6 e 89.5 89.5 89.5 89.5  89.5
1550 4 Fe 91 90.5  90.5  89.5  90.5
1550 6 Fe-Ni 90 89.5  89.5 89 89.5

1 1550 4  Fe-Ni 89.5 89.5  89.5 89 89.5
1500 6 Fe 90.5 89.5 89.. £9.5  89.5
1500 4 Fe 91 92 90.5  90.5  90.5
1500 6 Fe-Ni 88.5 88.5 87 89 88.5
1500 4  Fe-Ni 90 89.5 88 89 39.5

Note: Heat treatment prior to final temper treatment.
‘ Diffuse 1600°F/3 hr + carbomtride cycle as indicated + temper
350°F/1 hr + -100°F/1 hr +350°F/1 hr.
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: Table VIL
3 : R;5y hardness values of specimens given final high-
3 - temperature temper treatment of 550°F,
j Carbonitride cycle Temper time (hr)
3 Temperature  Time 2 4 8
2 (°Fj {hr) Plating Hardness
1700 6 Fe 89 88.5  88.5
1700 4 Fe 88.5 88.5 89
1700 6 Fe-Ni 88 88 87.5
3 1700 4 Fe-Ni 88 87 87.5
3 1650 6 Fe 89.5 88 88.5
[ _ 1650 4 Fe 89.5  88.5 88.5
1650 6 Fe-Ni 88.5 88 86.5
5 1650 4 Fe-Ni 87.5 88 86.5
| 1600 6 Fe 89 89 88. 5
: 1600 4 Fe 89.5 89 88
7 1600 6 Fe-Ni 87.5 88 87.5
1600 4 Fe-Ni 88 88 87.5
1550 6 Fe 88.5 28 87.5
1550 4 Fe 89 89 88
4 1550 6 Fe-Ni 88 87.5 87
i 1550 4 Fe-Ni 88.5 88 87.5
1500 6 Fe 87.5  87.5 88
E 1500 4 Fe 89.5  89.5 89
1500 6 Fe-N1 86.5 86.5 85,5
1500 4 Fe-Ni 87.5  86.5  86.5

5 Note: Heat treatment prior to final temper treatment.
Diffuse 1600°F/3 hr + carbonitride cycle as indicated +
complex temper 350°F/1 hr + -100°F/1 hr + 350°F/1 hr.




) Table VI,
R;5y hardness values of specimens given final high-
temperature 1omoer treatment of 650°F, 750°F, and S00°F,

e e ¢ TR ST SRS TORTRT

Carbonitride cycle Final temper
Temperature  Time 6=0°F 750°F -~ 900°F
{°F) () Plaling Zhr Zhr 1hr
1700 6 Fe 86.5 86.5  79.5
' 1700 4 Fe 87 86.5 79
1700 6 . Fe-Ni £5.5 85 80
1700 4 Fe-Ni 85 85 80.5
1650 - 6  Fe 86.5 86.5  79.5
1650 4 Fe 87 - 86 80
1650 € Fe-Ni 85 85.5 80
1650 4 Fe-Ni 84.5 84 79
1600 ° 6 Fe 86 86 79.5
: 1600 4 Fe 86.5 86 80
* 1600 6 Fe-Ni 85 85 77.5
1600 4 Fe-Ni 86 85.5  179.5
1550 6 Fe 85.5 84 78
1550 4 Fe . 85.5 86.5 178
1550 6 ‘Fe-Ni 85 84.5 79
1550 4 Fe-Ni 85.5 84 77.5
1550 6 Fe 85 83.5 (
1500 4 Fe 86. 5 85.5 79
1500 6  Fe-Ni  83.5 83 78
1500 4 Fe-Ni 84,5 83.5 78

Note: leat treatment prior to final temper treximent.
Diffuser 1600°F /3 hr + carbonitride cycle as indicated +
complex temper 350°F/1 hr + -100°F/1 hr + 350°F/1 hr,
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Table IX.
: R;5n hardness values of specimens given final high-
k- temperature temper trestment of 500°F.

Carbonitride cycle Temper time (kr)
3 Temperature Time 4 12 18
= 5 (°x) {kr) Plating Hardness
” 1700 6 Fe 90 89.5  88.5
1700 4 Fe 91 90 89
3 1700 6 Fe-Ni 89.5 88.5 88
3 1700 4 Fe-Ni 89.5 88.5 87.5
3 1650 6 Fe 90 89.5 88.5
3 1650 4  Fe 99.5 84.5 88
1650 6 Fe-Ni 89.5 88.5 88
1650 4 Fe-Ni 88.5 88 88
E 1600 6 Fe 90 90 89
' 1600 4 Fe 90.5  ---
: 1600 6 Fe-Ni 89.5 88.5 87.5
3 1600 4  Fe-Ni --- 89 88.5

Note: Heat treatment pricr to final temper treatment.
Diffuser 1600°F /3 hr + carbonitride cycle as
indicated + t- mper 350°F/1 hr + -100°F/1 hr +
350°F/1 hr.
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Talsle X,
Tensile properties after sirmulated 5600°F carbomitride
and 350 2o 950°F temper.
Onaly the finz] temper fime Processirg
and temperatures being Temperzture (*F) Time (hr)
1500 3
Slox cocl
1500 § (Simulate carboniiride)
0il cuench
350 i
-100 I
- 350 1

Fina] temper as indicated

Chkimate Yield
Temperature Time  strength streagth  Elongation  Reduction of zrea
(°F) (hr) (ksi) (ksi) (a) (%3}
950 2 203.2 184.1 6.5 11.5
750 2 193.8 169.5 11.¢ 24.38
; 650 2 168. 4 154.8 11.8 25.0
550 i2 171.5 163.1 11.0 23.2
550 3 i62.6 158.4 147 30,0
550 4 151.9 146.7 17.0 30.4
550 2 152.9 144.5 14.6 21.9
500 18 159.5 157.8 16.0 38.5
200 12* 157.3 153.6 16.3 30.2
500 8 156.6 154.8 13.5 23.3
500 4 160, 4 154.8 14.0 27,0
500 2 150. 1 142.5 19.4 23,2
450 24 151. 9 148.9 16.8 33.6
450 18 150.9 148, 8 19.7% 35.6
450 2 149.3 141.9 16.0 24.7
350 2% 149.9 138.0 17.6 36.2

Notes: Hardness values of specimens below the line meet or exceed R 588
minimum value for iron cases,

A gty

*Optimum cycle for titanium core strength and iron case hard.

TR LA

*¥No low temperature treatment (- 100°F),

.
£ sy
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Table XL
Tersile properties afier simglated 1550°F carboritride
ad 350 to $30°F termper.
Only the fime] temper time Processing
and temperatures being Termperature (°F) Time ()
varied as indicazed. 1550 3
Slox cool
1350 5 (Simalatre carboritride)
O1i} quench.
350 1
-100 1
350 i
Finz] temper zs indiczted
Ultimate 'ield
Temperazture Time  strength strength  Elongation  Reduction of arez
(°F) (hr) (ksi) (ksi) (=) ()
950 2 193.9 167.7 7.7 8.7
750 2 162.9 147, 9 17.7 32.6
650 2 149.3 142, 7 17.4 28.6
550 8 1429 143.2 22.1 29.4
550 2 149.3 142,56 16.3 28,2
450 8 149.5 145.3 17.1 37.1
450 2 150.3 145.6 15.7 30.3
350 2% 150. 3 144.1 18.5 10.0

T
By

Note: Hardness values of specimens below the line meet or exceed the K5\88
minimum valuc for iron cas~s. Iron-nickel values are 1-2 points less.
“No low temperature treatment (-100°F).

SURFACE LUBRICANT COATINGS

Solid surface lubricant coatings offer a means of preventing sliding friction damage during
periods of limited lubrication or failure of the primary lubrication svstem. The solid lubri-
cants are of great importance during the criginal break-in running of gear assemblies because
of their ability to shear internally and to move and accommodate to surface discrepancies.
Furthermore, they are very adherent to loaded surfaces and have the capacity to retain o1l
films which can supply lubrication for appreciable periods of time after failure of an o1l supply

system,
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Taishe X
Tmaripe: matertal propesties suh 2. 0—2_ 25 crebommrede cxcbe.

Llzpmate Y feid
E Sremgb Stremgab Elomgr¥inoe Rofoettor of zrex
Saemgle No. (esi) (s} %) )
4 14 3.2 B£2.3 3.3 2.4
2 ESY L ELE.3 O Q&
3 3 2.7 40,5 5.7 0.2
- £ i30.7 46,7 e 3.8
5 1423.3 151, 3.7 12, ¢
3 3 E£8. % 1213 3.2 2.3
i 7 143.3 E£2_ 3 50 F 3.2
] 3 i43.3 145.9 2.2 10,9
Average 143 2 1£3.5 (i 3.1
Core hardaess (titanizm) = Re37
. The solid surfzce judbriczms chosen for this progrzm nzc demonsirsted capebiizizes of good
F Drop. lies 3t zmbiert zrd elevaied tempe.ztures,

Dow Cornirg 1-3947 (AFHL-41)

This solid surface lub:ricant is 3 development of ihe Air Force Mzteri.ls Lzborztories which
has been licensed 10 Dow-Corrning for manuafacture znd s .les. It consi=*s of molybdenum
disulfide znd zntimony trioxide in 2 resin binter znd was spray gun z2pplied. r’:lms of the
cozting in thicknesses of 0.5 to 1. 0 mil were applied 10 Tritometer, three-bzli-and-cone,
and Ryder gear test specimens. After sprayv application, the films were air cured at 350°F

temperaiure for two hours.

e Silver - Niobium Telluride Ag-NbTep

DL gedhoismi

This solid surface lubricant which is applied electrophoretically is a proprietar: development

of Detroit Diesel Allison and is the subject of current patent proceedings. The fine particles

o

of silver and niobium telluride are codeposited at room temperature to a thickness of 0. 2 to

0.3 mils and require no further treatment.

oty

Teflon + Molvbdenum Disulfide (Teflon-MoS,)

Finely divided particles of Teflon and molybdenum disulfide are electrophoreticslls codepusited
to a thickness of 1,0 to <. 0 mils, This also 1s a proprietary process of Detroit 1iesel Allison

and is a subject of current patent proceedings. The coating was tested on Tribometer spect-

mens only., Its property of extruding under pressure and piling up outside the load pattern
F made 1t less desirable for the three-ball-and-cone and Ryvder gear surfaces.
E 34
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SECTION 118

GZAR DESIGN
The gears were desigmed 1o operate ox the Ryder gear tester reguurrmg 3. 5-1m center drstamte.
Tuo sets were desigmed wbock are desiprated 2 Phase ! amd Phose 1 amd EE pears,
PHASE !} GEAR DESIGX
Pizse ; pears wers desigmed for 133, 000 ps: bertzizm corract Siress bosed or seel rmodinkes of

elzsticizy of 30.0 X lospsi. The eguivalentt comta~t st es, for itamimy ps 220, 000 psi based
or z modulzs of 16.5 ¥ i0° ps1. The hertzizn stress e whic: used for ~zloul:on is

= 2
s 0.364 W, X & RG:RP 111
< 1,1-} st:PX 2X¥ cos b ¥ Fe ﬁGX RPJ

“’T = i

Rp

where:

» = Poisson's rat::
E = Young's modui.s of elasticity ax 16 .si

W = tangential load - 6€7 ib
¢ = pressure angle z: pitch dia = 25 legre
Fe = effective face wid h = 0.360 in.

Rg = pitch radius—gear = 1.750 in.
Rp = pitch radius—pinion = 1.750 in,
TQ - torque = 1058 Ib-in.

The face width of the gears was modified to accon..- ¢72te - e axiul travei iv-t e loading mech-
aniem of the Rvder 1ig, thereby providing full enga. < :neat ¢- the r. rrow gea- t 1 dughout the

operating range of the test schedule.

The tooth thickness of both gears was modified to mai:t.:ic balinced D>endirg de’lection between
the narrow and wide gears. The lewis stress equatic used to alculate the Lerdinge stress

with the load applied at the high point of single tooth co:v ¢ (HF: TC) 15 as foliov.s:

3TQ

b - :
Dy Frin “upsTC

L .. . . v
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By : wertex of paradol ag HPSTC
¥ 3 mempvewmgee faee widbBe— o

YHPSTC - X factor 2z HPSTC
Bamfneg s tress georretery 1S shionw i Figore 25,

The coral tooth Srflzwtiom 25 the sy of thwe towth Pvbmdlmy GElevsror Dased o Wentr™s egezzeon
2o i swriaoe Srfbectsie bosed o Eertz equatrom,

Detailed section of the Phase | fimishad gears are shown in Figere 25 aof Figure 2%,
Boch gezrs imcorporated foil filler radii cmd toothk profile mudificative of 0. 000L ek outhoard
of the BPSTC, The loed schednle zmd related dorz for tfve Phrese § gezrs 5 showm i Table XiEE

znd Tahbie XEV,

Figure 28 shoxs the bending znd Heriz Siresses reiziive to pounds per wach 7712

oy
n.

[EX]
ulm
&

ec€ Wiz,

Przse i 2nd 10 Gezr Design

Tre Phase I gezrs shown in Figures 27 z2n 30 were des:zgne.. 1o produzce 183, CCL »esi Heriz

couizet SIress bzsew on the steel riodulus of glasticizy of 30.¢ 7 18 und 2 Poisson’s rztio of

i\i

0.30. The 133, 000 psi siress is equivzient to 1£06, 000 ps: Hertz comuzct for tntzrium with 2
modulus of elasticity of i15.3 ¢ 10% 2nd = Poisson's r.t:0 of 6.33. Tais stiess 15 developed on

an etiective fzce wicth of 0. 250 xhen operzting on the Hyder test rig =1 14, 000 rpm,
Spur Gaar Data
10. 2547 pich 36 teeth
55° pressure angle +0.000
Distance over two 0. 1728 dia pins - 3.721976 -0.0000
Root dia = 3.263 £ 0.05
Pitch dia - 3.5000
Active profile outside - 3. 33307035 dia
Reference
Arc tooth thickness at PD - 0. 139416 +0.001

. 0.006 to 0.010 backiash with mating gear on standard centers
g;a-wsrc Base circle dia = 3. 17207731

. 0.5
@ ) 056
anm

.
0.

7o \_ 0L

B
X
|

— 3.6894
N - 3
—— | Dia
\\Y/
1326-12 7326-26
Figure 25. Bending stress geometry. Figure 26. Phase I wide gear design.
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Figure 27. Phase I narrow gear desigr.

T=bl Xill,
Pazse I 1est schedule—surface stress.

Surfzce stress zt pitch

Test time Total cycles Torque Normal tooth line (psi) (Hz)

(br) (x 135) (Ib-is.) load (It) Titanium®  Steel®”
10.0 8.4 470.3 296.5 80, 000 105, 928
10.0 16.8 530.¢ 334.7 85, c00 112,549
10.0 25,2 395.2 375.3 20, 0G0 113, 162
20.0 42.0 663. 2 418. 1 95, 000 125,5C0
20.0 58.8 734.9 463.3 100, 000 132,410
20.0 75.6 810. 7 510.8 105, 000 139, 031
20.0 92,4 889.2 560. 6 110, 000 145,651
20.0 10S. 2 971.9 612.8 115, 000 152,272
20,0 126.0 1,058.2 667.2 120, 000 158, 892

"Young's modulus --titanium 16.5 X 106; Poi1sson's ratio-titanium 0. 35.

““Young's modulus —steel 30.0 7 106: Poisson's ratio-stee} 0.30



Tadle XIV.
Phase | test schedule—bending stress.

Bending stress 2t HPSTC®  Bending deflection at HPSTC™

Test time (psi) Totzi pinioe (in.)
(er) Pinicn  Gear Tiramizm
10.0 3,822 8,317 0. 00041
10.0 9,959 9,139 5. 00016
. 10.0 11,165 10,526 0. 00052
E 20.0 12,440 11,728 0. 00058
20.0 13,788 12,295 0. 00064
20.0 15,197 14,327 0.00071
3 20.0 16,67¢ 15,724 0. 00077
: 20.0 18,230 17, 136 0. 00085
20.0 19,842 18,713 0. 00092

“HPSTC-high point single tooth contact,

>

¥4

[

S

&
: sof Bending
stress
1 0 -J
, 6 S0 1000 100 20 20
3 Normal tooth Icad—PP1
: 1326-28

Figure 28, Subsurface stress distribution,
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Figure 29. Phase II narrcw gear design.,
E Gear tooth
D space and spline
/" tothtobe in
fine within 0 deg 5 niin
. \\\\ E/
N ' \
| / ’ n
2 0.3%
' - 0.38
D Section =D
Note: All dimensions are in inches.
_0.02
‘T 0.012
| /t
< 0,031
' 2,000 \//JH 0.035
3 ret < 17 0.033 0.030
: 1M 0.9
45 deg —! 0.020
7326-%0
Figure 30. Phase Il wide gear design.
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To provide a reduced Lewis bending stress of 17, 849 psi, 6.0 diametral pitch, 21 teeth, and
25 degrees pressure angle was selected. The minimum profile contact ratio for this selection
is 1.362. The selection of this gear tooth geometry reduces the total tooth Hertzian and Weber
bending deflection to 0. 0009 at the high point of single tooth contact for the maximum load con-
dition to produce the 185, 000 psi Hertz stress,

The face width of the gears was modified to accommodate the axial travel for the loading mech-
anism of the Ryder rig and thereby providing full engagement of the narrow gear throughout
the operating range up to the design test objective of 185, 000 psi Hertz contact stress,

The load schedule and related data for the Phase II and III gears is shown in Table XV and
Table XVI, Complete assessment of the 6, 0 diametral pitch gears is made by DDA spur gear
computer program and is shown in Appendix I .,

Table XV,
Phase II and III test schedule-—surface stress.

Surface stress at

Test time Total cycles Toirque Noriaal tooth pitch line (psi)
(hr) (x 106) (1b-in.) load (Ib) ‘Pitanium™ Steel®*
2 1.68 176.3 111.1 60, 000 79, 430
2 3.36 239, 9 151.3 70, 000 92, 650
2 5. 04 313.4 197.6 80, 000 105, 910
2 6.72 396. 6 250, 1 90, 000 119, 150
2 8. 40 489.7 308.7 100, 000 132, 380
10 16. 80 502, 5 373. 6 110, 000 145, 640
10 25. 20 705, 1 444, 6 120, 0CO 158, 750
10 33,60 827.5 521, 8 130, 060 172, 060
10 42,00 959, 7 605. 1 140, 000 185, 000
16,5 x b
#%30, 0 X 10°
40
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Table XVI,
Phase II and III test schedule bending stress.

i i1 1N v
W e A PRSI RN AR PUTERY

Test time  Bending stress HPSTC  Bending deflection HPSTC

(hr) (psi) total pinion (in.)
2 3,279 0. 0002
2 4, 462 0. 0003
2 5,828 0. 0004
2 1,377 0. 0006
2 9, 107 0. 0007
10 11,019 0. 0008
10 13,114 0.0010
10 15, 391 0.0012
10 17, 849 0.0014
-
i
-
]
;|
g ' 41 (page 42 blank)



SECTION IV

GEAR MANUTACTURE

The manufacture of hard coated titanium gears consists of 35 manufacturing operations re-
quirtng 240 br set-up time and 30. 3 hr manufacturing time for Model Shop fabricatiun. Manu-
facturing details =zre describad in the routing sheets shown in Appendix II. Figure 31 shows
the gear tooth proiile as manufuctured.

Process sequence for Phase 1, II, and Il gears is as follows:

® Hob

@ Preplate grind (Phase I and Il only)

@ Plate (FeNi for Phase I, Fe for Phases II and IlI)
@ Diffasion bond

@® Preheat treat g nd

@ Carbonitride

® Finish grind

@® Lube coat

The involute profiles were full form ground using cams manufactured by a numerical control
(X/C) system developed at DDA, This grind process ensured plating uniformity o. the entire
root fillet and involute profile,

Process dimensions are shown ii. Tables XVII and XVIII,

i Tooth

—}

0.017 min

0.001 min
0.002-0, 003

0.012-0,013

Preplate grind

Preheat
treat grind

Figure 31, Manufacture of gear tooth profile.

Finish grind

43 7326-31
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Table XVII,

Phase I, II, and III narrow gear process dimensions (in.),

Arc tooth Root fillet Face
Phase Dimension over pins thickness Root dia Outside dia radius width
0,353
1 3. 75010, 002 -—- 3.250£0,005 3.656+0, 005 -——- —_—
0.373
+0. 000 +0, 000 0,260
u 3.87540, 002 --- 3.110 0 3.803 --- —_——
-0.005 -0, 005 0,270
+0, 000 0. 266
I 3.817510, 002 - 3.10040,005 3,803 - e
-0, 001 0. 268
+0. 004 0. 130 0.363
3.704 3.234+0,005 3.65610, 003 0,048 —_—
-0, 000 0,132 0,373
+0, 00 0,23 0,000 +0, 000 0,075 0.26
bi g 3,843 6 ——-i 3.0700 3.803 0.00 ld 0
-0, 000 0, 241 -0. 005 ~-C. 005 0. 085 0.270
+9, 000 0. 240 +0. 000 +0, 000 0,079 0. 266
m 3.852 3.075 3,808
-0. 003 0. 242 -0. 001 -0, 001 0, 085 0.268
1 0, 025 minimum
u 0, 020 minimumn
I G. 017 minimum
+0, 005 0.165 +0, 000 0,405
1 3.774 e 3.27310.005 3,694 0.032 e
-0, 000 0. 167 -0, 005 0.415
1 3 920+0. Qns 0.2178 3 llo+0. 000 3 843+0. 000 0,058 0. 300
*"" .0, 000 0.281 *777-0,005 T T-0,005 0,068 0.310
+0, 060 0,277 +0, 000 +0, 000 0. 064 0,294
11 2,915 3,106 3.839 —
-0, 008 0,275 -0, 001 -0, 001 0,070 0. 300
+0, 004 0. 157 +0, 000 0. 400
I 3,759 0 3.2631£0.005 3,694 0, 034
-0, 000 0,158 -0, 005 0,410
+0, 006 0, 268 +0, 000 +0, 0, 062 0,290
It 3,902 3.100 3,833 000 06
-0, 0600 0.271 -0, 005 -0, 005 0,072 0. 300
+0, 000 0,268 0,000 0, 000 0,067 . 290
i 3.904 0 —— 3,100 3,833 0o g
-0, 003 0. 269 -0,001 -0, 001 0.073 0, 294
44
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Hob

Preplate
grind

Plate

Preheat
treat
grind

Final
grind

. Phase I, II, and IIf wide gear préeess dimensions (in.)

Table XVIIL

Arc tooth

”z

.

45

s

- : Root fillet Face
Phase Dimension over pins  thickness  Root dia Outside dia _ radius  'width
, : . ’ . 0.379
1 3. 6800, 005 -t 3.250:0,005 3.65620,005 , --- :
! 0.389
I 3.875:0,002 3. 11020 0:15 3.803"0- 00 0. 356
- - -—\e . - —
e ‘ -0.005 0. 366
m, 3 sl'zsto’ 0u2 | 3.100£0,005 3.803 " 000 9.370
oS . o . ' *7.0, 001 0.372
M i
i 40,004 Q. 111 ' 10,479
3.66558 - S 3,23410,005 3.65610,005 0,048
-0,000 0.113 0. 489
. p ! . :
+0, 006 0.208 +0.000 _ . +0,000 0,093 0.356
14 3.78242"° _— . 070 3,303
1 -0, 000 0,211 -0, 005 -0.205 0,103 0,366
+0, 000 0.210 +2,000 ' +0,000 : 0,097 0.370
m 3,79088 ° -2 3,075 3.808
©-0,003 0,212 -0, 001 -0.001 0,103 0,372
i i '
H
i .+ 0,025 minimura ‘
II 0, 020 minimum
m 0.017 minimum
i 1 ; :
+0, 004 0. 146 ! +0,0 0,521
3,728\ 3,273:0,005 3.694 2% o 032
-0, 000 0. 148 \ , -0, 005 0, 531
+0, 006 0.248 ' +0, 000 +0,000° 0,075 0, 396
It 3,863 3.110 3,843
-0, 000 0,251 “770, 065 -0,005 0,085 0. 406
+0, 000 . 243 © ' 40,000 0. 000 . 082 .4
m ' 3.853 .28 5 105 3,833 9.082 0,400
-0, 003 0, 249 -0, 001 -0,001 0, 88 0, 406
' +0, 004 0. 140 +0, 000 0.516
1 3,722 ——  3,263%0,005 3,694 0, 0~
-0, 000 0,138 -0, 005 . 0. 526
H ! i
L}
+0, 006 0, 238" +0, 000 +0, 000 . 086 . 3
u 3,844 —“—— 3,100 3,833 0 0. 386
-0, 000 0, 241 -0, 005 -0,005 0,000 0. 396
0, 000 0,238 +0, 000 +0, 000 0. 084 .39
11 3,847 3,100 3,833 0.084 0. 396
_"-0. 003 0. 239 -0, 001 -0,001 0,090 0, 400
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" Typical inspection charts of manufacturing control are shown in Figure 32,

Manufacture of iron coated titanium gears revealed a strong tendeacy for the coating system to
crack during processing. A number 13 BT glass bead peen at 40 psig was implemented to pro-
vide compressive stresses superimposed over any residual tensile processing stresses. This
procedure also tends to unify stress distribution across the gear surface. In addition to elimi-
nating surface cracking the peen operation improved the surface finish to 16 rms. Further
improvement in the surface finish was accomplished by the Hone operation which reduced the
finish to approximately 4 rms.

Electron probe and micrographic analysis of gears with defective piate revealed residual sili-
zone carbide particles at the iron and titanium interface. These particles were suspected to

have come from the blasting or cleaning operation prior to plating, Several tests were made

" and aluminum oxide was selected as a replacement media. Subsequent examination revealed

very little aluminum oxide adhered to the gears and what was present appeared to disperse

20,0002 in

S S )
/r(‘lv’

/

/0
‘ll
il

[} N

0.0002in 9SS |-

fo— -

%4 ] A 4 b b
1
!
!

|
i
!

Typical profile chart—
narrow and wide gears

0D - outer diameter

0DB - outer diameter break

HPSTC - high point single tooth contact

LPSTC - low point single tooth contact

APD - active profile diameter

o s AT e
Typical tooth spacing chart

7326-32

Figure 32. Typical gear inspection charts,
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during the vacuum diffusion treatment. The silicon carbide was no longer in evidence and the

s

perceniage of cefective titznium to iron éiffusion »onded gears dropped 1o near zero,

Posthezt treatment cracking was primarily caused by grind induced stresses which were cor-

FO5,

rected by modification to low stress grinding procedures consisting of reduced grinding wheel
A speeds, softer grade grinding wheels, and reduced infeed rates. This process was followed
e by glass bead peening of the par:,
t
3 Finished gears are shown in Figures 33 and 34,
,
“
2

&

7326-33

o
4
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7326-3
Figure 34, Phase III finished gear set.
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SECTION V

TESTING/AXALYSES

Tie Tribometer, designed and consiructed b DDA, permits the determination of static co-
eltcrent of frction &5 well 23 the P ike of the wenr surfzces. This rig consists of = Jozding
SuStern , steltonery speceimen Lolder, oscilleting test shafi, and recording instrumentstion.

Frgure 33 15 2 from view of the test rig wiih its tes: parameters.,

Triometer rotating ané {1xed ¢35t specimens were fabricated from Ti 631-252-4Zr-6)Mo,

plaied snd fintshied os shown in iigure 36 ané Figure 37 to mzintain 0. 013 inch plate thickness

with He 35-38 surizce nardness.

Temperature—ambient
Applied load (static)—100 1b
Angular motion—60 degrees
Oscillation frequency—16 lz
Test time—1000 cycles
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Before coating—fmish
Ream -33 0.516 . :
2 grind 10 (.990 £ 0.001 in.
64 0515 ' Nm‘slb(
./ Mask 1D and both
After coating—finish end faces during 0.750 in
grind to 1.000 £ 0.001 coating 20,010 in.
71326-36
Figure 36. Tribometer rotating specimen.
30°
30"
7
0.750 e - 16
10.010 +1/64"
1

I Finish grind requirement 206%%“

0.500 — on all surfaces except this
10.010 and opposite
Coat this surface
protect all others —- 7326-37

Figure 37, Tribometer stationary platen specimen,
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The following test specizmen $6135 were tested to determive tie opiiree rraterizl and Ixheicsy
coting ¢ yxbinatic o to resist surfzoe deterioration,

Sarfoce kfrricat coctings
Plating Nooe Sg-NbTey Te-MoS, MoS,-5, 04
Irorm 6 6 - 6
Iron-nickel & 5] - 6
Electroless mickel &6 6 3 6
Typiczl Tribometer test specimen set is shoxr in Figure 38.

Electroless Nickel (Nichem) Hard Cocting

The Ti 641-2502-4Zr-530 Tribometer cylinders and piztens were plated with 13 to 24 mils of
electroless nickel (Nickem), tkermally diffused zt 1000°F in vacuun, and finish ground to 15
mils of bard cozting with 2 bardzess of Rc 53 to 38.

Beczause of the extrusion and piiing up around the wear scars of the Tribometer tects of the
electroless rickel (Nichem) hard coatings, the electroph.retic Teflon-MoS5 surface lubricant
cozating was dropped fr« « further consideration for this program. Accordingly, Tribometer
tests were performed with carbonitrided iror and iron-nickel alloys on the Ti 631-25n~-4Zr-
6Mo in the finish ground condition and with the spray-coated AFAIL (DC 1-3943) and the electro-
phoretic Ag-XbTe, solid lubricant coatings.

Carbonitrided Iron and Iron-Nickel Hard Coating

The program originally included the use of diffused electroless nickel (Nichem) as the bending
medium for the iron and the iron-nickel alloy hard coatings. Unfortunately, by the time it was

1326-38

Figure 38, Typical Tribometer test cylinder and platen,
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X 1

Becrmed that this bonding Systern would mot scvive the comditiors of the carboritriding hegt
tresl cyxelss, 2B iron &xd iroo-mickel allor Troreter specimers kad been processed throozh
plating with the rickel strike included, [ therefore wis decided to Beat trext the specirters to
deterrmine i effficient momier with adegrite boo? worh Le avatlable for the Tridometer tests,
For z time this zppezred to be troe; boxerer, z$ the 1ests were begrms it wes exident that the
bonding system woald mot survive the Trivorreter tesy Iseds. Figure 32 filrstrates tive fxilores
experierced; the wezk bond fziled ende. =pplied loed znd the hare coxtings fatigned and frac-
tered catzstropriceliy. Late in the prgram # wes then cecessary to produce irons and iroe-
nickel zfloy Tribometer specimens whk o had beer bonded by the thermal diffesion procedare.

Figare 40 znd Figere 41 show the extrene Hroits of wear scar profiles with their test speci-
mess.

Tzble XIX is 2 samemary of the wear Scar depths znd 2 summary of friction tests is shoxn in
Figore 42,

Tribometer Test Cozclusions

® Tribometer testing revezls little diiference beiween vacuum diffesed, coudle tempered,
carvonitrided iron and iron-nickel as hard coating materizls.

@ The electrophoretic Teflon-31055 surface lubricant shows good properties. However, this
lubricant's appreciable alierztion of surface geometry by extrusion displacement mazke it
2 questionable choice for bighly loaded lubricated sarfaces.

@® AFML-41, surface lubricant provides optimum protection for 21l of the materials tested.

@® Carbonitrided iron + AFML-41 produced the least surface disruption.

7326-39

Figure 39. Typical failure Fe and Fe-Ni coating with
electroless Ni bond medium,
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Figure 40. Results of Tribometer testing of bare finish ground electiroless Ni,
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Figure 41, Results of Tribometer testing of carbonitrided Fe + AFML (DC1-3943).
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Table XIX.
Sepmmary of triboneter wear scars.

Cooufition Wear scar depth fin.)

Eiectroless aickel (bare) 0. 000290

Electroless nickel + AFML-43 0. 000053

Electroless nickel ~ 4g-NbTey 9.000110

Electroless nickel - 'i'r:ﬁlon-llosz 0. 000028

Carbonitrided iroo bare) 0. 000048

Carbonitrided irca ¢+ Ag-NbTes 0. 996026

Carboaitrided iron + AFML-41 0. 000013

Cartonitrided iron-nickel (base) 0. 000026

Carbonitrided iron-nickel ¢ Ag-NoTe, 0. 000077

Carboritrided iron-nickel + AFMI_-4] V. 060039

Static ceefficient of friction
© © © 2 2o o 2 ©
o »— ~N w o U [« ] -3 [0 <]
Electroless nickes (bare)
Blectroless nicker + AFML -41
Electroless nickel + Ag-Nbi<)
Electroless nickel + Teflon-MoS)
Carbonitrided iron (bare) ‘ AT
Carbonitrided iron + Ag-NbTe; '
Carbonitrided iron + AFML -41
Carbonitrided iron-nickel (bare} ‘ T B R
Carbonitrided iron-nickel + Ag-NbTe) ST s A O INO TN
Carbonitrided iron-nickel + AFML-41
Beginning of test s
After 1000 cycles snnnnn
1326-42

Figure 42. Summary of Tribometer friction testing,
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THREE-BALL-AND-CONE TESTS

The DDA -designated three-ball-and-cone test facility consists of eight units for the evaluation
of materials under high Hertzian rolling contact fatigue loads, Figure 43 is a view of the
typical test rigs in DDA Mlaterials Laboratories and Figure #4 shows a schematic of the rig
system. The test facility consists essentially of a high speed shaft which holds and drives the
test cone specimen; a bottom fixture which retains the three ball bearings and outer race; a
temperature controllable positive pressure lubricating system; loading piston; and automatic
shut-off controls. The test performed with this facility is comparable to the cyclic compres-
sive or crushing load in gear and bearing usage. Both lubricated and oil-starved testing can
be performed up to 600, 000 psi Hertzian stress levels.

Test Parameters

3 ® Test machine speed, rpm 10,770

E @ Stress cycles/hr 1,518,570
‘ @ Test cone surface fiaish, rms 4

@ Total syster vibration at origin of test, rms volts max 0. 3; optimum 0, 1
3 @® Contact ball permanent set None

3 ® Lubricant temperature, °F 190 to 200

g @ Lubricant MIL-L-7808

—t . Oil return
Ol supply

- CE[I{ EzZteater 2222

T T

~
== -
e Loading plStOﬂ%y

i
o

Y /,\

P
ps,

o 7326-43

: Figure 43. Three-ball-and-cone test rigs. Figure 44. Three-ball-and-cone fatigue
_ tester schematic.

7326-44
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Cone Test Specimens, Figure 45 were manufactured with 15 mils of iron-nickel or electroless
nickel plating over Ti 6A1-25n-4Zr-6Mo. The specimens were tested bare and with Ag-Nb-
TeOp and MoSy-5bOg lubricant coatings as follows,

Surface lubricant coating
Plating None Ag-NbTeq MoS4-5SbgOg

Iron-nickel

Single temper 8 - -
Double temper 18 8 10
Electroless nickel 14 8 8

Figure 46 shows a finished test specimen together with the bearing balls and outer race used
on the three-ball-and-cone tests,

The following cone fatigue tests shown 1n Tables XX, XXI, and XXII were run to determine the
endurance limit of the various combination of materials and surface coatings,

Figure 47 is a summary of the cone fatigue tests which show their respective fatigue life values
relative to AMS-6265 carburized steel,

A typical pitting fatigue failure 1s shown in Figures 48 and 49,

4 (Polish) '
2 X

109.60°
C 109,28
0. 500 dia. _ ) ) _
0.49y +
W . N
+ 0. I
~ —— 1,000 0.30
Break edges 0,015 - 0.030 R
Scale - 4 x size 7326-45

Figure 45, Thiee-ball-and-cone rig test specimens.
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= Figure 46. Three-ball-and-cone test specimens,

LS T
_-AMS 6265—Carburized steel
\&F}Ni-nowle.temper coated
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Contact stress—KS!

\\ | FeNi -Single \\
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temper
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I TN
ectrolss\ \.
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106 107 108 i0?

Cycles—Hz

1010

7326-41

Figure 47. Three-ball-and-cone test summary.

& Figure 48, Typical cone specimen failure,
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Table XX.
‘ Three-ball-and-cone test results—iroa-nickel alloy.
" Specimen Load level Stress
> No, Hertizian (psi) cycles Dispositon
-
'4‘ Carbonitrided iron-nickel alloy vacuum diffused, single temper—lubricant: none
4 600,000 3.9 X 109 Failed
6 600,000 3.1x10° Failed
2 500,000 6.8 X 106 Failed
5 500, 000 4.2 X 106 Failed
: 7 400,000 1.5 x 107 Failed
23 8 400,000 6.9 X 107 ok
= 1 300,000 4.0 X 108 Failed
& 3 300, 000 1.0 x 108 o
. Carbonitrided iron-nickel alloy vacuum diffused, double temper—IJlubricant: none
- 11 600,000 2.5 X 108 Terminated
= 13 600,000 1.1 x108 Terminated
. 14 600,000 3.1x108 Terminated
12 17 600,000 8.7 X 107 Terminated
4 20 600,000 2.5 X 10° s
i 21 600, 000 2.6 x 108 Terminated
22 600,000 1.6 x 107 Failed
f 12 500, 000 5.8 x 108 Terminated
T 23 500, 000 6.9 x 108 Terminated
P 24 500, 000 9.2 x 107 Failed
e 25 500, 000 - ok
26 .500, 000 6.8 x 108 Terminated
9 400, 000 1,1x10° Terminated
} % 10 400, 000 1.1X 109 Terminated
i ; Carbonitrided iron-nickel alloy vacuum diffused, double temper, peen—lubricant: none
E: 15% 600,000 7.7 X 105 Failed

P | 16% 600,000 1.4 X 108 Failed
T 18 600,000 5.7 X 106 Failed
. 19% 600,000 1.4 x 107 Failed
. 3
‘: ; *Abnormally high vibration—surface finish: rms 15 te 17.
; *kAbnormal failures are those which show eccentric wear patterns, fail at test inception,
4 or experience high initial vibration.
:
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Table XXI,

! H -~
" Three-ball-and-cone test results—iron-nickel alloy and iron.

. 1
Specimen | " Load level Stress :

No. Hertizian (psi) cycles Dispositon ’

* Iron-nickel alloy vacuum diffused, double temper-—lubricant: MoSy-SbO3

3 " 600,000 . 1.1 x 108 Terminated
4 600,000 [T , * ‘
10 600, 000 2.3 x 107 *
"5 500,000 2.5 x 107 N
6 500,000 ! 7.9 x'108 Terminated
e 7. 500,000 4.7 x 108 . Terminated
% 8 500,000 7.7 X107 . Failed .
24 9 ) 500,000 . --- : * ' '
el 1 400,000 2.5 x 107 Failed '
3 .2 400,000 | 4.4x108 © . Failed ' f
b Iron-nickel alloy vacuum diffused, double temper—lubmcant Ag-Nb-Te2 )
4 1 600,000’ - +
, 2 600, 000 ;o
¢ 3 600,000 a—. ' x ’
4 600,000 1.8 x 108 Te. ninated -
5° 500,000 " 2.1x108 .Terminated
6 500,000 , 5.7 x108 Terminated
7 500, 000 6.8 x 107 . Termmnated
8 500,000, 6.8 X107 . Terminated

*Abnormal failures are those 'which show eccentric wear patterns, fail at test

)
inception, or experience high initial vibration. !

Oil Starvation Testing

] ' | )

Oil starvation testing attempts to shut-off the lubricant and create an oil starvation failure
were unsuccessful, Residual lubrication was sufficient to allow 'test termination (over 1,0 X

s

108 stress cycles) on bare specimens without failure,

BRI, e
DA He

!
Pt '
‘ i ; l ‘ I i
; Three-Ball-And-Cone Test Conclusions ;
% % The following .onclugions have been made concerning the compressive load capaﬁihtigs o'f‘ the
‘ gystew.s based upon three-ball-and-cope testing, Also refer to Tables XX through XXII,
‘ @ The Nichem system has extengive scatter of results not attributable to test variations and
‘t is inferior to carbonitrided iron-nickel, Further pursuxt of the Nxchem system is not
j’“ recommended ai this time, ] ' ’
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Table XXIIL,
Three-ball-and-cone test results—electroless nickel.
/]
: E Specimen Load level Stress
' No. Hertizian (psi) cycles Dispositon
.
Electroless nickel (Nichem) hardened and aged—lubricant: none
* ,
4 600,000 1.3 x 104 Failed
- 2 600, 000 1.3 x 104 Failed
4 11 500, 000 7.2 X 105 Failed
. 12 500, 000 6.1 x 108 Failed
. 14 500,000 3.7 X 105 Failed
400, 000 4.9 X105 Failed
6 400,000 2.5 x 108 Failed
{‘ 2 400, 900 5.0 X107 Failed
5, ; 10 400,000 9.2 x 107 Failed
3 ; 3 300, 000 1.4 x 108 Failed
300,000 1,4 X 108 *
\, 7 300, 000 4.8 x 10% *
300,000 6.1 x107 Fuiled
. 13 300,000 7.6 X 108 Terminated
»... § Electroless nickel (Nichem) hardened and aged—lubricant: MoSy-SbO3
e 3 400, 000 1.5 X 106 Failed
7 4 400,000 1.1 x 106 Failed
e 1 300,000 9.0 X 106 Failed
§ 2 300, 000 1.2 x 107 Failed
/ ! 5 300, 000 2.1 x106 Failed
S 6 300, 000 8.7 X 108 Failed
, 7 300, 000 4.1 x108 Failed
3 * 8 300, 000 4,0 X 106 Failed
.
{7 i, Electroless nickel (Nichem) hardened and aged—lubricant: Ag-Nb-Te,
; 1 300,000 3.1x107 Failed
b 2 300,000 1,3 x 106 Failed
. 3 300,000 1.5x108 Failed
ke - 4 300, 000 3.5 x 106 Failed
e | 5 300, 000 2.8 x 106 Failed
e | 6 300, 000 3.2 x 108 Failed
g ! 7 300, 000 3.6 X 106 Failed
E 8 300, 000 *

*Abnormal failures are those which show eccentric wear patterns, fail at test inception, or

experience high initial vibration, 61
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Figure 49, Typical microsection of pitting fatigue failure,

@ The iron-nickel alloy system appears competitive with cased steel test results,

@ Test termination to accomplish the greatest quantity of evaluations precludes determina-
tion of the maximum fatigue capabilities for the material, However, the data to depict

inimum values,

@ Double temper of the specimens is a definite improvement and is considered a direct asset
to both bearing and gear life,

@ Lubrication coatings do not appear to have any positive influence on three-ball-and-cone
test specimens.

R. R, MOORE TESTS

Three groups of R, R, Moore test specimens were fabricated of Ti 6A1-25n-4Zr-6Mo. One
group was tested bare after being processed through the thermal treatment that the gears
would receive. The second group was iron plated and the third group was iron-nickel plated.
Both plated groups were processed as shown in Table XXIII,

The R, R. Moore specimens as shown in Figure 50 were tested to establish their fatigue en-
durance limits, Test results are shown in Table XXIV,

Both iron and ireon-nickel coated titanium show lower fatigue life than bare titanium, with
relative summary shown in Figure 51,

Electron Microscope Analysis

Representative fractures of each group are shown in Figure 52,
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Table XXIII.
Thermal processing of R.R. Moore plated
fatigue test specimens,

Temperature (°F) Time (hr)

. : Diffusion 1600 3
Slow cool
7 Carbonitride 1600 6
3

o Quench 0il

"* Temper 350

3 -100 1
fg 350

3 2
.} 500 1
ar

e g re
XAVt

7326-50
Figure 50, R. R. Moore test specimen.
100 T ——— Bare titanium
% —
80
‘>|c” 70
a _/Iron-plated titanium
£ 60 i —
a m\\J /Iron-nlckel-platedt|tan|um
)] —
0
10° 106 107 108
Cycles—Hz

™65l 7326-51

Figure 51, R. R. Moore fatigue test summary.
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= 3 Table XXIV.
Results of R.K. Mocre fatigue tests.
% Condition Stress (ksi) Cycies X 1066  Results
.
BRare Ti 100 0. 046 Failed
100 0. 943 Failed
90 6.587 Failed
75 33, 827 Terminated -
75 18,519 Terminated
50 14,677 Terminated
50 13.135 Terminated
90 0.125 Failed
90 9.022 Failed
Fe plated 100 -—- Failed on load
50 4,646 F'ailed on load
50 0. 075 Failed on load
i 50 0. 030 Failed on load
} 45 4,354 Failed on load
i 45 5. 960 Failed on load
£ 40 59, 037 Failed on load
- L.
g FeNi plated 60 0. 057 Failed
x ; 55 1. 061 Faileu
2 : 5G 7. 846 Failed
£ 50 2. 945 Failed
. 50 2,848 Failed
§ ! 40 63,578 Terminated
& 40 37,276 Terminated
.
g
b |
S

e

Iron-Nickei Bare Titanium

7
Q)
e’
b

Sl e

Figure 52, R. R. Moore test specimens,
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Fractographic studies were made of both the iron and iron-nickel plated titanium specimens
show the foliowing results,

@ No striations typical of fatigue were 'present in either the Fe or Fe-Ni coating areas.
Fatigue appears to initiate in the titanium at the interface below the coating.

@ While the iron or iron-nickel coating appears to have failed in a simple overload at the
beginning of the test, the subsurface titanium then progressed for a period in fatigue
originating at or just below the diffusion zone.

R. R, Moorec Test Conclusions

@ Both iron and iron-nickel have lower fatigue capabilities than bare titanium,
@ Fractographic studies indicate that fatigue appears to initiate in the titanium at the inter-

fuce below the coating.

CRUSHING TESTS

Crushing tests were performed to determine the effect of 2 mils of urhardened iron at the iron-

titanium interface,

A block of Ti 6A1-25n-4Zr-6Mo was constructed and iron plated to a finish ground depth of
approximately 0, 015 inch, This surface was given a 2 hr carbonitride,

Subsequent load tests revealed the following:

Load, ksi Deformation
300 Yes
275 Yes
250 Yes
225 Yes
200 Marginal
155 None

Subsequent examination revealed no indication of subsurface cracking in the areas of plastic

deformation,

Crushing Test Conclusions

@ Static Hertz crushing stress up to 200 ksi will not produce visual deformation of an iron
plated surface of Rc 55 min hardness,

@ Static Hertz crushing stress above 200 ksi produces permanent set of an iron plated sur-
face of Rc 55 min hardness but will not cause subsurface cracking,
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RYDER GEAR

Small-scale titanium gears submitted for Ryder Gear Machine testing during this program
were grouped into three phases:

¢ N o " g K
o s et £ i

Phasel Gear material: Ti 6A1-25n-4Zr-6\o
36 teeth, 10. 29 pitch
Hard coated with iron-nickel a2loy
Lubricant coated with AFAIL-41 (MoS5-SbO3)

o
s

Phase II Gear material: Ti 6A1-2Sn-4Zr-6)\lo
21 teeth, 6.0 pitch
Hard coated with iron
Lubricant coated with AFML-41

2y

A S

AR DN A

Phase Il Gear material: Ti 6A1-25n-4Zr-6Mo
21 teeth, 6.0 pitch
Hard coated with iron
Two sets lubricant coated with AFML-41

One set black oxide surface treated

b 3236 [ttt

B

N s e
SRS

Typical Phase I and Phas= I/III gear sets, before lubricant coating, are shown in Figures 53
and 54.
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Figure 53. Phase I type gear: 36 teeth, hard coated with Fe-Ni alloy.
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7326-54

Figure 54. Phase II/MI type gear: 21 teeth, hard coated with Fe.

I T S PO T

Dynamic testing of the small-scale gears was conducted on a Ryder Gear Tester modified by :

DDA and consisted of the following major components:

I LAY e o

@ Ryder —ERDCO Universal Drive Stand and Control Console
® ERDCO Antifriction Ryder Gear Head, Model R-5589

® ERDCO—CRC Test Oil Cart, Model 2300S-2

@ Moore ""Nullmatic" Load Control System

e e e

a8 Pa ol s Ay

The modified Ryder Gear Tester is capzble of performance testing a wide variety of gear ma-
terials and designs, heat-treatment techniques, bonded coating materials, and coated and
liquid lubricants.

Conditions simulating ful’-scale gear tooth crushing loads and tooth bending stresses can be
readily applied and accurately maintained at temperatures up to 300°F, Equipment features
are shown in Figure 55,

o Pt e b o2 9 Dren, T e B o Ben .
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Figure 55, Ryder--ERDCO gear tester with antifriction gear head and CRC oil cart.
: Test Parameters
i
: The following test parameters were maintained throughout the test program as specified:
H
3
’ ® Test gear speed, rpm 14,000 £50

@ Test oil specification MIL-L-7808G

; ® Test oil flow rate, ml/min 1,300 £25
! ® Test oil in temperature, °F 135 %5
i ® Test oil system capacity, gal 2

e } ® Test oil filter, microns 10

G-

B | @® Test gear load, psig As shown 10, 25

i *Increased to 1, 600 £25 during last three tests of Phase III gears,

R

e Test Gear Load Schedules

The small-scale gear teeth scuffing and pitting fatigue limits were determined under conditicns

) simulating full-scale gear teeth crushing loads and bending stresses, The Phase I gears were
36 teeth, and the Phase II/III gears were 21 teeth gears. The differences between the two gear
designs necessitated two separate load schedules, and these are compared in Table XXV,

68
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Table XXV,
Load schedules for small-scale titanium gears tested in Phases I and 1I/IIL*

Normal tooth Ioad Surface stress at pitch

Test time (hr)  Torgue (Io/in.) {m) line (psi Hz)**
Phase I n/m 1 /I 1 1/ 1 11/
10,0 2.0 470.3 176.2 206.5 1111 105,930 79,430
10.0 2.0 530.9 239.9 334,7 1512 112,550 92,650
; 10.0 2.0 595.2 313.3 375.3  197.5 119,170 105,910
: 206 2.0 663.2 396.6 418.1 250.0 125,790 119,150
| 20,0 2.0 734.9 489.9 463.3 308.7 132,410 132,380
20.¢  10.0  810.2 592.4 510.8 373.5 139,030 145, 640
20,0 10,0  889.2 705,1 560.6 444.5 145,650 158, 870
. 20.0 10.0  971.9 827.5 612.8 5217 152,270 172,000
3 20,0 10.0 1,058.2 9597 667.2  605.1 158,890 185,370

E *Phase I is a 36-tooth load schedule,

: Phase !I/III is a 21-tooth load schedule.
3 **Based upon Young's Modulus: 30.0 X 108

Test Gear Inspection

The narrow test gear teeth were inspected under magnification upon the completion of each

3 time/load increment, and after each equipment shut-down, whether scheduled or unscheduled.
»,h Gear teeth were evaluated on the bases of relative rate of tooth face scuffing, pitting fatigue,

: compression cracking of the hard coating, loss of hard coating, or other ~nsually observable
4 distress, Wide test gear teeth were inspected without magnification at the same time, De-

tailed metallurgical investigations were conducted on the gears only after test termination,

Ryder Gear Test Data

A tabular summary of each gear set installed and tested on the Ryder Gear Tester during this
program, the maximum test time, and the condition of the gears at test termination 1s pre-
sented in Table XXVI, Detailed data recorded at each inspection of the gears will be found 1n
3 Appendix III,

3 Metallurgy Analysis

Phase I Analysis

‘,‘ Test I, 1—Tooth fracture of wide gear shown in Figure 56 progressed from surface biemish,

Narrow gear showed only minor tooth scuffing,
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Table XXVI.
Summary of Ryder gear tests conducted on small-scale gears
during Phases I, II, and I

Phase I
Test Gear Gear Total time Maximum
No. set No. width (hr) stress (psi) Gear condition at test termination
1 1-A Narrow 30.0 119, 170 No failure, normal scuff wear only
1-B Wide Tooth 35 broken; all others normal scuff wear
2 2-A Narrow 14.0 105, ¥30 Overtemperature due to lubricatior loss
2-A Wide Overtemperature due to fubrication Joss
3 1-B Narrow 10.0 105, 930 Teeth 13-18 broken; others show impact damage
2-B Wide impact damage on numerous teeth
4 3-A Narrow 2.5 86, 100 \lisalignment; excessive wear on all teeth
3-a Wide Misalignment; excessive wear on all teeth
5 4-A Narrow 17. 4 112,550 Tooth 34 broken; plate loss on other tips
4-A Wide Plate loss on tips of numerous teeth
Phase It
1 2-A Narrow 6.0 105, 810 Misalignment; no observable damage
2-A Wide Misalignment; no observable damage
2 2-B Narrow 12,5 158, 870 Plate damage on teeth 6, 7, 12, 15, & 19
2-B Wide Minor gcuffing, no observable damage
3 3-A Narrow 12,3 158, 870 Plate loss on all teeth
*2-A Wide Plate cracked on all teeth
Phase III
1 1-A Narrow 1.0 79,430 Loose nut permitted misalignment; compression damage
1-A Wide Misalignment; some compression damage
2 1-B Narrow 0.1 79,450 Loose nut permitted misalignment; compression damage
1-B Wide Migsahignmcnt. plate loss on tecth 10-13
3 2-A Narrow 29,2 158, 870 Tooth 7 plate loss; plate smeared on other teeth
2-A Wide Plate smeared on numerous teeth
4 3-A Narrow 19.5 145, 640 Gear web fractured; minor scuffing on all teeth
3-A Wide Minor scuffing on all teeth
5 2-B Narrow 21,7 158, 870 ‘['ooth 7 broken; scuff damage on all teeth
2-B Wide Minor scuff damage on all teeth
6 4-A Narrow 8.0 119, 150 Tooth 18 plate loss; minor scuffing on all teeth
4-A Wide Minor scuffing on all teeth

Note: Phase I—Gear sets 1, 2, and 3 coated with tron-n:ckel alloy,
Gear set 4 coated with iron only,,
Phases 11/111—A1l sets coated with iron only.
,'(Prcvxously used in Test 1 for 6, 0 hours under load,
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Test I, 2—Test rig failure causing loss of lubrication caused premature gear failure, No gear
analysis made.

Test I, 3—Fracture of narrow gear teeth resulted from multiple indications of fatigue failure

in the area of high nickel concentration in the tooth root fillet area. Figure 57 shows the frac-
tured tooth failures,

1326-%6

Figure 56, Wide gear tooth fracture.

132657

Figure 57, Fractured gear teeth induced by fatigue failure,
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Fracturing of the iron was predominantiy along a plane at the iron to titanium interiace, see
Figure 61. Microexamination revealed localized areas of diffusior zone cracking in a plane

relatively parallel to the interface., In addition, 'light cracking of the iron plate was observed :,

normal to the gear face.

Test 3—Heavy spalling and loss of case was noted on nearly every tooth of both gears as shown
in Figure 62. Damage is attributed tc poor bond of the iron coating.

Phase III Analysis

Test 1 and 2—The gears were installed with low retaining nut torque which resulted in fatigue
failure of the lock washer tat. This allowed the lock nut to back off resulti~g in .misalignmex'lt
and damage to the gear teeth, The gears were turned over and the same 'absemb'ly condition
duplicated. A siir.dar failure resulted as shown in Figure 63. Gear tooth damage is shown in
Figure 64. ) :

Test }—Damage to the gears is shown in Figure 65. Photomicrograph typifying the parrow
gear case structure is shown in Figure 66. Microexamination subsequent to test showed a
piating line defect which led into the diffusion zone and provided a weak junction at'which failure
occurre3,’ - ’ )

NS

. 72661
Mone 00X
Ficure 61, Padtooedenorzes of difesion zone —rackiag
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e 62. Phase I1.3 gear teeth damage.
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Test 5—Photomicrograph Figure 68 shows satisfactory case condition in areas adjacent to the
tooth fracture.

Tooth failure of the narrow gear is shown in Figure 69. Fractographic analysis indicated no
evidence of fatigue, The extremely rapid fracture is indicative of an overload such as foreign
material going through mesh of the teeth,

7326-68

Figure 68, Case condition adjacent to failure,
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Test 6—Photomicrographs shown in Figure 70 are typical of the case structure, Surface
spalling or fracturing is along the diffusion interface. Although fracturing is in the diffusion
zone, titanium base metal can be seen breaking away with the iron case. The bond integrity

in the gears is considered excellent,

Gear Test Summary

The common basis selected was 07 cycles o evaluate the fatigue strength of the test gears
relative to hardened steel gears, Figure 71 shows the pitting fatigue stress level of the titanium
gears relative to hardened steel gears. DDA experience design criteria for hardened steel
gears is 242, 000 psi with a negative reciprocal slope value of the S/N curve of 12,08. The
AGMA standard 210, 02 allowable contact stress for 107 cycles is 180-225 ksi for Rc55-60 case

hardness for steel gears,

The initial contract objective was to achieve 150 hr of operation or 126 X 106 stress cycles at
132, 000 psi (based on steel modulus of elasticity or 100, 000 psi based on titanium modulus of
elasticity). This stress related to 107 stress cycles by the slope of the stress-cycle curve is
163, 000 psi.

As the program progressed the objective was established at stated loading cycles of different
stress amplitudes starting at 105, 500 psi and progressing up to 158, 000 psi at 150 hr of test
time. The cumulative darnage in fatigue based on Miner's rule is 147, 300 psi at 150 hr or
181, 600 psi at 107 cycles.,

7326-10

Figure 70. Photomicragraphs typical of the case stracture.
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190, 100 psi Phase U, 111 equivalent objective
181,600 psi Phase | equivalent objective

1000 /163,000 psi equivalent contract objective
- —1- -~ -///152,000 psi Phase 111 equivalent accomplishment
— Steelgear pitting fatigue Iife/ 120,000 psi Phase |1 equivalent accompiishment
HHHY
p—— X 50 hrl 150 hr
/i
— L I
¥ rH A TN o1 T147,300 si Phase 1 objective
2 100k= == EEELg __\--" \\ N '\ N 132, 000psn contrac‘ objectlve
£ I \"\\\ ‘\\ S \ ~169, 000 psi Phase 11, i11 objective
. \\\ \\ N Phase I test schedule
; , ANDNLN L \Phase I test schedule|
‘ AN\ 143, 000 psi Phase |11 accomplishment
: \\ 120,200 psi Phase |1 accomplishment
\\94 800 psi Phase | accomplishment T]
96, 000 psi Phase | eguivalent accomplishment
0 P Ly egti ] [
106 107 108 109

Number stress cycles 7326-71

Figure 71. S/N test schedule.

Phase II and III objective was also a step loading with the stress amplitude starting at 79, 500
psi and progruessing up to 185, 000 psi at 50 hr of test time, The cumulative fatigue damage at
50 hr is 169, 000 psi or 190, 100 psi at 10° cycles.

The average cumulative life of Phase I test results is 94, 800 psi at 12, 07 X 106 cycles or
96, 000 psi at 107 cycles for Phase .

Phase Il average cumulative life 1s 120, 200 psi at 9. 9 X 106 cycles or 120, 000 psi at 107 cycles

Phase lII average cumulative lif- is 143, 000 psi at 19.9 X l()6 cycles or 152, 000 psi at 107
cyvcles.

The equivalent stress levels compared at 10" cycles are:

242,009 ps1 DDA experience

130, 000-225, 009 ps1 AGMA allewable

190, 190 ps1 Mase {1 and I3 okjective
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SECTION VI

CONCLUSIONS AND RECCMMENDATIONS

ez

The coated titanium gears achieved 93% of the initial contract objective or 63% of the fatigue ,
strength of hardened steel gears. A review of the developed processes for hard coated titanium
gears indicates:

: ® The plating procedure required excessive attention in the program and will continue to
present a plating challenge due to the problem of obtaining equal plating distribution on the
irregular geometry of the gear teeth

® The wear surfaces of carbonitrided iron were excellent and appear to be comparable with

H hardened steel gears

. ® The predominate failure mode of the tested gears was at the interface of the iron and

g titanium

@ Specimen testing displayed excellent compressive strength properties for iron-coated
titanium

® Model shop fabrication costs for titanium gears was 20% greater than hardened steel gears

It is recommended that further exploration of iron-plated cuatings be attempted to develop
added strength and ductility in the diffusion zone by solid solution forming elements at the in-
terface. The relative improveme::: ~--uld be explored by free-free bending tests followed by
additional Ryder gear manufacture and test.

Since iron-coated titanium three-ball-and-cone tests showed a pitting fatigue strength com-
parable to hardened steel, it is recommended that a program be initiated to adapt this process

to rolling eleraent bearing inner and out~r races and their rolling elements, titanium shaft
splines, and to the technology of making bearing races integral with titanium shafting by the

7
i

iron coating process.
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COMPUTER OUTPUT OF THE DDA GEAR DESIGN PROGRAM
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